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INTRODUCTION 44
Plastic pollution represents a pervasive anthropogenic threat for the survival of natural 45 ecosystems. Worldwide, plastics have become so abundant that they have been 46 proposed as geological markers for the Anthropocene era [1] . In 2017, 348 million tons of 47 plastics were manufactured [2] and their production keeps increasing. Polyurethanes 48 7 Instrument, New Castle, DE, USA) at a rate of 10°C/min, under a nitrogen flow of 50 140 ml/min, at a 20-600ºC range. Gel Permeation Chromatography was performed in a 141
Waters 2695 Alliance Separation Module GPC (Milford, MA, USA) at 30°C in 142 tetrahydrofuran, using a universal column and a flow rate of 0.3 ml/min in CFS. All the 143 analyses were performed at least in three replicates. Controls were non-inoculated MM-144
PolyLack supernatants similarly processed. 145
HI-C proximity ligation based metagenomic analysis 146
BP8 community cells cultured for 5 days in 50 ml of MM-PolyLack were harvested and 147 washed three times with phosphate buffer. Cells were resuspended in 20 ml TBS buffer 148 with 1% (v/v) formaldehyde (J.T. Baker) (crosslinker) and incubated 30 min with periodic 149 mixing. The crosslinker was quenched with glycine (0.2 g) (Bio-Rad) for 20 min, 150 thereafter cells were centrifuged, lyophilized and frozen at -20°C. For DNA extraction, cell 151 pellets (100 μl) were resuspended in 500 μl of TBS buffer containing 1% (v/v) Triton-X 152 100 and protease inhibitors [27] . DNA was digested with Sau3AI and MluCI and 153 biotinylated with DNA Polymerase I Klenow fragment (New England Biolabs) followed by 154 ligation reactions incubated for 4 h and then overnight at 70°C to reverse crosslinking. 155
The Hi-C DNA library was constructed by using the HyperPrep Kit (KAPA Biosystems, 156
Wilmington, MA, USA). A shotgun library was also prepared from DNA extracted from 157 non-crosslinked cells using Nextera DNA Sample Preparation Kit (Illumina). The two 158 libraries were paired-end sequenced using NextSeq 500 Illumina platform (Illumina, San 159 Diego, CA, USA). De novo metagenome draft assemblies from the raw reads were made 160 using the metaSPAdes assembler [33] . Hi-C reads were then aligned to the contigs 161 obtained from the shotgun library using the Burrows-Wheeler Alignment tool [34] 162 requiring exact read matching. The ProxiMeta algorithm was used to cluster the contigs 163 of the draft metagenome assembly into individual genomes [27] . Additionally, we 164 performed a community taxonomic profiling from shotgun reads using MetaPhlAn tool 165 [35] . Genome completeness, contamination, and other genomic characteristics were 166 evaluated using CheckM pipeline [36] . Phylogenetic analysis was performed using the 167 single copy molecular markers, DNA gyrase subunit A and ribosomal proteins L3 and S5, 168 selected from each deconvoluted genome and compared to homologous sequences from 169
GenBank.
Alignments were cured with Gblocks tool 170 (http://phylogeny.lirmm.fr/phylo_cgi/one_task.cgi?task_type=gblocks) and WAG plus G 171 evolutionary models were selected using Smart Model Selection tool [37] . Finally, 172 phylogeny was inferred with the graphical interface of SeaView [38] using the Maximum 173
Likelihood method. To compare genetic relatedness, Average Nucleotide Identity (ANI) 174 between the genomes and the closest phylogenetic neighbors was calculated [39] . Open 175 reading frames were identified using MetaGeneMark [40] . KO assignments (KEGG 176 Orthology) and KEGG pathways reconstruction were performed with GhostKOALA server 177 and KEGG Mapper tool, respectively [41] . All the xenobiotic degradation pathways were 178 manually curated to only report those pathways in which most of the enzymes were 179 encoded in the BP8 metagenome. 180
Data availability 181
Genomes described in this manuscript were deposited to GenBank under Bioproject 182 Accession number: PRJNA488119. 183
RESULTS 184

Growth and interactions of BP8 cells with PolyLack ® 185
The BP8 community cultivated in MM-PolyLack for 25 days exhibited a biphasic growth 186 with a first phase, from 0-13 days, presenting a growth rate (2-4 days) of 0.008 h -1 and a 9 second phase, from 13-25 days, with a growth rate (13-20 days) of 0.005 h -1 . Biomass 188 increased from 0.32 to 2.9 mg/ml and consumed 50.3% of the carbon from the medium at 189 25 days (Figure 1a ). EI24 initial value was 70%, it decreased to 24% at 20 days and 190 increased again to 70%. CSH started at 62% and decreased to 25% at the first growth 191 phase, thereafter it increased to 42% and remained constant until 20 days to increase to 192 67% at the end of the second phase ( Figure 1b ). SEM analysis at 10 days of cultivation 193 revealed multiple-sized (0.5-1.5 m) rod-shaped cells aggregated and attached to 194 copolymer particles ( Figure 1c ). The changes in CSH and EI24, reflect the complex cell-195 substrate interactions involved in promoting substrate bioaccessibility and mineralization, 196
as has been observed in bacteria degrading other xenobiotics [42, 43] . 197
Chemical and physical changes in PolyLack ® components generated by the BP8 198 community 199
To characterize the biodegradative activity of the BP8 community on the PolyLack ® 200 components, we performed different analytical techniques. GC-MS analysis of the CFS 201 revealed that BP8 metabolized the xenobiotic additives, NMP and IP at the first day of 202 cultivation, 2-BE at the fourth day and DPGM and DPGB were metabolized 85 and 73% 203 respectively at the first day, and remained constant until the end of the experiment 204 ( Figure 2 ). Since the PE-PU-A copolymer structure is unknown, we proposed a 205 hypothetical structure ( Figure S1 ), based on 1 H-NMR, the manufacturer's technical sheet 206 and in the most frequently used chemicals for the synthesis of this copolymer [44] [45] [46] . 207
Since the first day of cultivation, complex and diverse chemical compounds such as 208 aromatics, nitrogen-containing, ethers, esters, aliphatics, alcohols and organic acids, 209 derived from the copolymer breakdown were observed. During the first 3 days (log 210 phase) the degradation products were low abundant, at 10 days (intermediate lag phase) 211 genome clusters, three near complete drafts (>95%), and two substantially complete 260 drafts (89 and 71%) [36] (Table S3 ). The phylogenetic analysis showed well-supported 261 clades within Paracoccus, Chryseobacterium, Parapedobacter, a member of the 262
Microbacteriaceae family, and Ochrobactrum intermedium ( Figure S4) 
Analysis of the xenobiotic metabolism encoded in the BP8 metagenome 271
In all the genomes, except in O. intermedium BP8.5, the genes and proteins assigned 272 were in the range reported for the phylogenetically related members (Table S3, to NAD + -dependent secondary ADH with capability to oxidize IP to acetone were 305 identified in the BP8 metagenome [49], but not the genes encoding the enzymes for the 306 oxidative transformation of acetone. However, the three genes encoding acetone 307 carboxylase, that transforms acetone into acetoacetate, were identified, as well as the 308 enzymes that convert acetoacetate into acetoacetyl-CoA and this to acetyl-CoA are also 309 encoded in the BP8 metagenome ( Figure 4a , Table 1 To elucidate the mechanisms that landfill microbial communities perform to degrade the 329 recalcitrant PE-PU plastic, here we studied the degradative activity of the BP8 microbial 330 community that was selected because of its capability to grow in PolyLack ® , a WPUD that 331 contains a proprietary PE-PU-A copolymer and several xenobiotic additives (NMP, IP, 2-332 BE, DPGB and DPGM). Chemical and physical analyses demonstrated that BP8 333 consumes the additives and breaks the copolymer whereas Hi-C based metagenomic 334 analysis allowed us to unveil the phenotypic potential to degrade PU and xenobiotics of 335 five deconvoluted genomes from the community. The diauxic growth of BP8 observed 336 during 25 days of cultivation in MM-PolyLack suggested that two different metabolic 337 processes were involved in degrading the components of the WPUD. We hypothesized 338 that the additives were consumed during the first phase whereas the copolymer was 339 broken during the second one. However, the biomass increment and the carbon 340 decrease observed in the first growth phase ( Figure 1a ) resulted not only from additive 341 consumption, but also from the copolymer breakdown (Figures 2, 3, S2, Tables S1, S2). 342
These observations indicate that the diauxic growth is the result of simultaneous 343 degradation of additives and copolymer and that microbial enrichment could have 344 selected a more effective PU-degrading community that accounts for the second 345 exponential growth phase. Further studies to demonstrate this possibility are being 346
undertaken. 347
Exploring the BP8 metagenome, genes encoding enzymes presumably involved in 348 the degradation of the PolyLack ® additives were identified in several of the deconvoluted 349 genomes. Genes for NMP degradation, similar to the ones reported for A. denitrificans 350 BQ1 [52] were identified in the Paracoccus sp. BP8 genome. Paracoccus strains able to 351 utilize NMP as carbon source have been reported [62], but the genes sustaining this 352 capability have not been described. IP biodegradation occurs by oxidative pathways in P. 353 denitrificans GH3 and Gordonia sp. TY-5. In these strains, IP is transformed by NAD + -354 dependent secondary ADH into acetone that is oxidized by a specific monooxygenase to 355 produce methyl acetate, which is transformed to acetic acid and methanol [49, 63] . 356
However, the enzymes for metabolizing acetone by these reactions are not encoded in 357 the BP8 metagenome. Instead, genes encoding enzymes for acetone carboxylation, to 358 produce acetoacetate (acetone carboxylase), and for its subsequent transformation to 359 acetoacetyl-CoA by 3-oxoacid-CoA transferase and thereafter to acetyl-CoA by acetyl-360
CoA C-acetyltransferase [64] were identified ( Figure 4a , Table 1 ). The possibility that IP 361 degradation occurs by transformation to acetyl-CoA, via acetone in BP8 is supported by 362 the observation that in the Paracoccus sp. BP8 genome, a gene encoding an ADH 363 (RQP05888.1), homologous to the Gordonia sp. TY-5 adh2, and genes encoding the 364 acetone carboxylase subunits (RQP05866.1, RQP05867.1, RQP05889.1) are 365 contiguously located. Adjacent to these genes, a sequence encoding a sigma-54-366 dependent transcriptional regulator (RQP05868.1) was observed, suggesting an operon-367 like organization. This presumptive IP degradative operon has not been described in any Homolog genes for specific ADHs and ALDHs were identified in the Paracoccus sp. BP8 380 genome (Table 1) . Therefore, we hypothesize that 2-BE can be oxidized to 2-381 butoxyacetic acid, DPGM to 2-methoxypropionic acid, which has been reported as a 382 metabolite in the degradation of DPGM by rats [71] , and DPGB to 2-butoxypropionic acid 383 ( Figure 4b ). In Paracoccus sp. BP8, and in other genomes of the BP8 community, genes 384 encoding glycolate oxidase, dye decoloring peroxidase, 4-methoxybenzoate 385 monooxygenase and unspecific monooxygenase, which could account for the ether 386 scission of the aforementioned carboxylic acids, were identified ( Table 1 ). The cleavage 387 of the carboxylates produced by ALDHs would generate the metabolizable intermediaries 388 glyoxylate, butyraldehyde, propylene glycol and formaldehyde ( Figure 4b ). Glyoxylate can 389 be funneled to the glyoxylate metabolism, butyraldehyde to the butanoate metabolism, 390
propylene glycol to the pyruvate metabolism, by lactaldehyde and lactate 391 dehydrogenases as suggested in P. yeei TT13 [72], and formaldehyde can be channeled 392 to the formate metabolism where glutathione-dependent enzymes could oxidize it to 393 formate and thereafter to CO2 ( Figure 4b , Table 1 ). All the enzymes for the aforesaid 394 metabolic pathways are encoded in the BP8 metagenome. Additionally, in PEG 395 metabolism, long chains of PEG-carboxylate can be processed by acyl-CoA synthetase 396 and glutathione-S transferase forming glutathione-conjugates [53] . Although these 397 reactions would not be needed for glycol ethers catabolism, they could be required for the 398 degradation of long polypropylene glycol moieties that are part of the PE-PU-A copolymer 399 (Figure S1). 400
By using different analytical techniques, we demonstrate that the BP8 community 401 attacks the main functional groups of the PE-PU-A copolymer; from the more 402 enzymatically susceptible ester bonds, present in acrylate and carbamate, to the more 403 recalcitrant C-C from aliphatics and aromatics, C-N from urethane, and C-O-C from ether 404 bonds of polypropylene glycol ( Figures S1, 2 , 3). The changes in the chemical and 405 physical properties of the polymer when incubated with BP8, and the generation of 406 diverse degradation products, some of them potential metabolic intermediates in the 407 degradation process, are evidences of the BP8's degradative capability, which is 408 sustained by the diverse xenobiotic degrading enzymes encoded in its metagenome 409 ( Table 1 ). Some of the biodegradation products ( Figure 2 ) seem to be the result of 410 oxidative reactions on C-C bonds flanking TDI, MDI or the acrylates' styrene ring ( Figure  411 3, S1), generating aromatic compounds containing hydroxyl, aldehydes or organic acids. 412
Additionally, the copolymer aromatic compounds could be destabilized by 413 monooxygenases, which introduces hydroxyl groups to the aromatic rings, and by 414 dioxygenases that catalyzes reductive dihydroxylation, generating central intermediates 415 that can be cleaved by dearomatizing dioxygenases producing carboxylic acids [73, 74] . 416
The enzymes for the complete benzoate metabolism are encoded in the BP8 417 metagenome and could account for PE-PU-A aromatic rings catabolism (Table 1) . 418
Aliphatic chains from acrylates and polypropylene glycols can be metabolized by alkane 419 1-monooxygenases, that activate aliphatic chains by terminal or subterminal oxidations 420 and by the activities of ADH and ALDH, generating compounds that can be channeled by 421 beta-oxidation into the fatty acids metabolism ( 2, 3, S1). The cleavage of ester bonds by PU-esterases would produce alcohols and 429 organic acids, and the cleavage of urethane groups by carbamate-hydrolases would 430 produce nitrogen-containing compounds and aromatic isocyanate derivatives. As we 431 detected these degradation products by GC-MS analysis ( Table 1, most of the BP8 genomes support this conclusion (Table 2) . 435
The metabolic reactions proposed for the degradation of the additives and the PE-436 PU-A copolymer present in PolyLack ® by the BP8 community are based on the 437 phenotypic potential encoded in its metagenome. The use of proximity ligation Hi-C 438 technology allowed to define, with high confidence, what genes belong to each of the 439 different species of BP8 (Table 1 ). In this community, xenobiotic degradation is a niche 440 dominated by Paracoccus sp. BP8 and Ochrobactrum intermedium BP8.5, in whose 441 genomes, key enzymes for different steps of biodegradation are widely represented 442 (Table 1) , which must be the reason for their preponderance in the BP8 community. In 
2.3.1.9 atoB 10 1 1 3 5 Table 1 ). Pathways for glyoxylate, butanoate, pyruvate and methane metabolisms as well as the TCA pathway were fully reconstructed from the BP8 metagenome based on KEGG annotated genes, using KEGG Mapper.
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Degradation of recalcitrant polyurethane and xenobiotic additives by a selected landfill microbial community and its biodegradative potential revealed by proximity ligation-based metagenomic analysis
Itzel Gaytán . Synthesis of PE-PU-A copolymers starts by the polycondensation of polyols (polypropylene glycol) (y moiety) and diisocyanates (TDI and MDI) (x and z moieties) followed by end capping with acrylates' mixture (m moiety). From the most frequently used acrylates we selected methyl methacrylate, butyl acrylate, hydroxy acrylate and styrene as representatives in this structure. In the 1 H-NMR spectrum, chemical shifts are provided in parts per million from SiMe 4 as internal reference. Signal 1 is assigned to carbamate groups (NH-COO); signals a, b, c, 2, 3, 9-11 are assigned to the aromatic protons; signals 4 and 8 correspond to the protons of methylene (CH 2 ) and methyl (CH 3 ) groups in MDI and TDI, respectively; signals 5-7 correspond to PPG; signals l correspond to the hydroxyl proton (CH 2 -O) and methylene groups (CH 2 ) in the chain of hydroxy-acrylate; signals f, j, o and p correspond to the acrylic groups (CH-COO, CH 2 -COO or CH 3 -COO), signals d (CH), e, g, i, k, q, r (CH 2 ), h and s (CH 3 ) are assigned to methylene and methyl groups in the acrylate mixtures. 
